The interplay between abscisic acid (ABA) and salicylic acid (SA) influences plant responses to 22 various (a)biotic stresses; however, the underlying mechanism(s) for this crosstalk is largely 23 unknown. Here we report that type 2C protein phosphatases (PP2Cs), some of which are negative 24 regulators of ABA signaling, bind SA. SA binding suppressed the ABA-enhanced interaction 25 between these PP2Cs and various ABA receptors belonging to the PYR/PYL/RCAR protein 26 family. Additionally, SA suppressed ABA-enhanced degradation of PP2Cs and ABA-induced 27 stabilization of SnRK2s. Supporting SA's role as a negative regulator of ABA signaling, 28 exogenous SA suppressed ABA-induced gene expression, whereas SA-deficient sid2-1 mutants 29 displayed heightened PP2C degradation and hypersensitivity to ABA-induced suppression of seed 30 germination. Together, these results suggest a new molecular mechanism through which SA 31 antagonizes ABA signaling. A better understanding of the crosstalk between these hormones is 32 important for improving the sustainability of agriculture in the face of climate change. 33 34 35 36
Introduction 37
Elaborate hormone signaling networks allow plants to perceive and respond adaptively to various 38 biotic and abiotic stresses (Tuteja, 2007; Raghavendra et al., 2010) . One of the vital hormones that 39 plays a central role in the adaptation to abiotic stresses, particularly drought and salt stresses, is
Results

152
Identification of PP2Cs as novel SA-binding proteins 153 To help define the SA signaling network in plants, we developed several high-throughput screens 154 capable of identifying SABPs on a genome-wide scale (Tian et al., 2012; Choi et al., 2015; 155 Manohar et al., 2015) . In one screen, protein extracts prepared from Arabidopsis leaves were 156 subjected to affinity chromatography on a Pharmalink column to which SA was attached. After ability of ABI1 and ABI2 to bind 3AESA and crosslink to 4AzSA also was partially suppressed 182 by SA in a dose-dependent manner. ABI2's binding to [ 3 H]SA was comparable to that of PP2C-183 D4 and this binding was partially suppressed by excess unlabeled SA but not by excess 4-HBA, 184 while ABI1 exhibited relatively weak binding to [ 3 H]SA and suppression by excess unlabeled SA 185 ( Figure 1F; 1I) . Interestingly, SA suppressed the binding of these proteins to 3AESA more 186 effectively than that of PP2C-D4 ( Figure 1D, 1G) . In contrast, HAB1 displayed much weaker 187 binding to the 3AESA-immobilized sensor chip (Supporting Figure 1A) . The ability of 188 phosphoprotein phosphatase 2A regulatory subunit A (PP2A), a component of phosphatases 189 belonging to the PPP family, also was tested for SA binding. This protein was previously identified 190 during our screens, but it failed to meet the criteria as an SABP (Manohar et al., 2015) . Consistent 191 with these results, PP2A exhibited very weak binding to the 3AESA-immobilized sensor chip 192 (Supporting Figure 1B) . Whether other key components involved in ABA signaling also bind SA 193 was then assessed. Size-exclusion chromatography revealed little or no binding of [ 3 H]SA by three 194 members of the PYR/PYL/RCAR family of ABA receptors (PYL1, PYL2, and PYR1) or by three 195 SnRK2s (SnRK2.2, 2.3, and 2.6; Supporting Figure 1C ). Likewise, SnRK2.2 displayed only very 196 low-level binding to the 3AESA-immobilized sensor chip (Supporting Figure 1D ). Together, these 197 results suggest that SA preferentially interacts with specific PP2C family members, but not with 198 other major components of the ABA signaling pathway. 199 Since clade A PP2Cs are negative regulators of the ABA signaling pathway, we tested 200 whether the presence of ABA affects PP2C-SA interactions by flowing the PP2Cs over immobilized sensor chips in the absence or presence of ABA. Notably, binding of PP2C-D4, ABI1, 202 and ABI2 to 3AESA was significantly enhanced in the presence of ABA ( Figure 2 ). This induced enhancement was suppressed by excess SA, further arguing that 3AESA binding by these 204 PP2Cs represents authentic SA-binding activity. In contrast, ABA failed to enhance the weak 205 binding of HAB1 and PP2A or to enable SnRK2.2 to bind 3AESA (Supporting Figure 1A , 1B, 206 1D).
207
SA suppresses the ABA-enhanced interaction between PP2Cs and ABA receptors 208 To assess whether SA binding by PP2Cs alters their ability to interact with ABA receptors, SPR 209 was performed. Purified PYL1 was immobilized on the CM5 sensor chip via an amide bond and 210 interactions were detected by flowing purified PP2C-D4, ABI1, or ABI2 over the sensor chip. 211 Dose-dependent binding responses were obtained with all three PP2Cs tested, and this binding was 212 enhanced in the presence of ABA (Figure 3; Supporting Figure 2 ). Notably, SA partially 213 suppressed the ABA-enhanced interaction between PYL1 and all three PP2Cs (Figure 3 ). In the 214 absence of ABA, SA slightly enhanced the interaction between PYL1 and PP2C-D4, but modestly 215 suppressed binding by ABI1 and ABI2. SPR analysis with PYL2 and PYR1 revealed similarly 216 dosage-dependent binding to the PP2Cs, that was further enhanced in the presence of ABA 217 (Supporting Figures 3 & 4) . Furthermore, this ABA-enhanced binding was suppressed by SA, 218 although the level of suppression varied depending on the identity of the interacting proteins. For 219 example, SA only weakly suppressed the ABA-enhanced interactions between PYR1 and all three 220 PP2Cs, while interactions between these PP2Cs and either PYL1 or PYL2 were more strongly have demonstrated that all three key components of ABA signaling, including PYR/PYL/RCARs, 231 PP2Cs, and SnRK2s, are regulated by controlled proteolysis (Irigoyen et al., 2014; Kong et al., 232 2015; Lin et al., 2015) . For example, ABA promotes degradation of ABI1, but it suppresses 233 degradation of certain PYR/PYL/RCARs and SnRK2s (Kong et al., 2015; Lin et al., 2015) .
234
Furthermore, the plant hormone gibberellic acid (GA) antagonizes ABA signaling, in part, by 235 stimulating degradation of PYR/PYL/RCARs and SnRK2s (Lin et al., 2015) . To determine 236 whether SA affects protein turnover, we analyze the stability of purified recombinant PP2Cs and 237 SnRK2s in a cell-free degradation assay. Following incubation in protein extracts prepared from 238 Arabidopsis seedlings supplemented with ABA and/or SA, immunoblot analyses indicated that the 239 levels of His6-tagged PP2C-D4, ABI1, and ABI2 decreased in extracts supplemented with 10 µM 240 ABA ( Figure 4A ). By contrast, the levels of these proteins remained fairly stable in extracts 241 supplemented with both ABA and SA. SA alone had little effect on ABI1 or ABI2 levels but a 242 modest decrease of PP2C-D4 levels was detected ( Figure 4A ). Together, these results suggest that 243 ABA enhances PP2C degradation, and that this heightened turnover is suppressed by SA.
244
The stability of three SnRK2s, SnRK2.2, SnRK2.3, and SnRK2.6, was then assessed using 245 the cell-free protein degradation assay. The levels of all three recombinant SnRK2s were slightly 246 greater in extracts supplemented with 10 µM ABA as compared with unsupplemented extracts 247 ( Figure 4B ). By contrast, SnRK2 levels were reduced in extracts containing both ABA and SA, 248 with the greatest decrease detected after supplementation with ABA and 100 µM SA. Thus, ABA 249 appears to stabilize SnRK2s, while SA suppresses ABA's effect. Analysis of PYL1 did not reveal 250 any change in protein levels regardless of supplementation with ABA and/or SA, suggesting that 251 these hormones do not affect PYL1 stability (Supporting Figure 5 ).
252
The above results raised the possibility that endogenous SA antagonizes ABA signaling, 253 at least in part, by stabilizing PP2Cs. To further assess this, the rate of ABI1 degradation was 254 compared in protein extracts prepared from wild-type (WT) plants and the SA biosynthesis-255 deficient mutant sid2-1. ABI1 levels in the extract from sid2-1 plants decreased substantially by 256 30 min and were barely detectable after 1 hour, whereas those in the WT extract decreased 257 gradually over time ( Figure 4C) . Surprisingly, the enhanced degradation observed in sid2-1 258 extracts was not reversed by i) adding SA to the extract, ii) spraying SA on sid2-1 plants, or iii) 259 supplementing sid2-1 growth media with SA (Supporting Figure 6 ). Thus, while these results 260 suggest that SA stabilizes ABI1, the failure of exogenous SA to slow ABI1 degradation in sid2-1 261 extracts suggests that another factor(s) might be involved in this process. 263 Previous studies have demonstrated that exogenously supplied ABA induces the accumulation of 264 ABI1 and ABI2 transcripts (Hoth et al., 2002) . To determine whether SA antagonizes the 265 expression of these ABA signaling components, transcript levels for ABI1 and ABI2, as well as 266 PP2C-D4, were monitored in ABA-and/or SA-treated Arabidopsis. Quantitative reverse 267 transcriptase-PCR (qRT-PCR) analyses showed that transcripts for ABI1 and ABI2 accumulated 268 after ABA, but not SA, treatment ( Figure 5A ). An intermediate level of transcripts was detected 269 in plants treated with SA and ABA, suggesting that the ABA-induced expression of these genes 270 was partially suppressed by SA ( Figure 5A ). In comparison to the clade A PP2Cs, transcript 271 accumulation for PP2C-D4 was reduced in plants treated with either ABA or SA; an even greater 272 reduction was observed in plants treated with both hormones. The expression of two well-known 273 ABA-responsive genes, Response to Desiccation 29A (RD29A) and ABA-Responsive Element
262
SA antagonizes ABA-induced gene expression in vivo
274
Binding Protein 2 (AREB2), also was analyzed. Consistent with previous studies, the expression 275 of RD29A and AREB2 was induced by ABA ( Figure 5B ) (Uno et al., 2000; Nakashima et al., 276 2006) . Importantly, plants treated with ABA and SA accumulated reduced levels of RD29A and 277 AREB2 transcripts, indicating that the ABA-induced expression of these genes is partially 278 suppressed by SA. By contrast, SA alone did not affect the expression of either gene.
279
An SA-deficient mutant is more sensitive to ABA-mediated seed dormancy 280 In addition to (a)biotic stress responses, ABA is involved in growth and developmental processes, Whether endogenous SA levels also affect ABA-mediated suppression of germination was then 290 tested by comparing the germination of WT and sid2-1 seeds. The germination rate for sid2-1 291 seeds grown on ABA-containing plates was consistently lower than that of comparably grown WT 292 seeds; by 72 hours, 15% of the sid2-1 seeds had germinated in the presence of 1µM ABA, in 293 contrast to 40% of WT seeds ( Figure 6B ). While SA completely overcame ABA suppression of 294 seed germination in WT at 96 hrs post plating, it only partially reversed ABA's effect in sid2-1. 295 Based on the ABA hypersensitive phenotype displayed by sid2-1 seeds, endogenous SA appears Elucidating the crosstalk between biotic and abiotic stress signaling pathways in plants is a rapidly 301 expanding area of research. There is a growing recognition that ABA not only regulates abiotic 302 stress responses and developmental processes, but also impacts plant-pathogen interactions 303 (Robert-Seilaniantz et al., 2011; Denance et al., 2013) . Likewise, SA not only signals plant 304 immunity (Vlot et al., 2009; Manohar et al., 2015; Klessig et al., 2016) , but also regulates 305 responses to abiotic stresses and various aspects of growth and development (Hayat et al., 2010; 306 Khan et al., 2015) . To gain insights into how SA exerts its myriad effects, we previously developed 307 several high throughput screens for identifying SABPs (Tian et al., 2012; Choi et al., 2015; 308 Manohar et al., 2015) . Here we report that several PP2Cs, including PP2C-D4, a member of clade 
318
Since clade A PP2Cs are critical negative regulators of ABA signaling, the discovery that 319 they bind SA suggested that they play a role in modulating SA/ABA crosstalk. Several studies 320 have documented an antagonistic relationship between SA and the ABA signaling pathway. For 321 example, SA suppressed ABA-mediated inhibition of shoot growth and expression of cell cycle-322 related genes in rice (Meguro & Sato, 2014) . Likewise, pretreating Arabidopsis with a compound 323 that activates SA-dependent defense signaling antagonized the induction of ABA biosynthesis-324 related and ABA-responsive genes after NaCl treatment (Yasuda et al., 2008) . Expanding on these 325 findings, we demonstrated that SA treatment suppresses ABA-induced expression of the ABA 326 signaling components ABI1 and ABI2 and the ABA-responsive genes RD29A and AREB2. In 327 addition, SA antagonized ABA's ability to suppress seed germination. The combined observations 328 that i) SA-deficient sid2-1 seeds germinated more slowly than WT seeds, and ii) sid2-1 seeds were 329 hypersensitive to exogenously supplied ABA, argue that endogenous SA plays an important role 330 in counteracting the effects of both endogenously and exogenously supplied ABA.
331
To investigate the mechanism through which SA antagonizes ABA signaling, we 332 monitored the interaction between several ABA receptors and PP2Cs. SPR analyses revealed that 333 the clade A PP2Cs, ABI1 and ABI2, bind PYL1, PYL2, and PYR1 even in the absence of ABA 334 ( Figure 7A ); however, these interactions were strongly enhanced in the presence of ABA ( Figure   335 7B). Strikingly, SA suppressed the ABA-enhanced interaction between these proteins, albeit to 336 varying extents depending on the identity of the interacting partners ( Figure 7C ). Consistent with 337 these results, both in vitro and in vivo analyses have previously demonstrated that ABA strongly by ABA receptors is a critical step in activating ABA signaling (Fujii et al., 2009 ). SA's ability to 344 suppress the interaction between ABI1 or ABI2 and the ABA receptors therefore provides one 345 mechanism through which SA can antagonize ABA signaling. In addition, our cell-free 346 degradation assay revealed that SA suppresses the ABA-enhanced turnover of PP2Cs and 347 stabilization of SnRK2s. Given that ABI1 was degraded substantially more rapidly in extracts from 348 sid2-1 mutants than from WT plants, endogenous SA appears to play an important role in 349 regulating cellular PP2C levels. Taken together, these results suggest that SA antagonizes ABA 350 signaling via multiple mechanisms that both promote the enzymatic activity and/or protein stability 351 of negative regulators and decrease the stability of downstream effectors.
352
Within this overall framework, differences among the binding specificities and affinities, 353 protein-protein interactions and/or stability of various ABA signaling components may further 354 influence SA/ABA crosstalk. For example, while ABI1 and ABI2 bound SA, another clade A 355 member, HAB1 did not. ABI1 differs from ABI2 as it displayed substantially greater affinity for 356 all three ABA receptors in the absence of ABA; it also was the most stable PP2C in our in vitro 357 degradation assay. SA's ability to disrupt the ABA-enhanced interactions between ABA receptors 358 and PP2Cs also varied, depending on the proteins involved. In particular, the interaction between 359 PYR1 and ABI1 or ABI2 was suppressed less effectively by SA than the interactions between 360 these PP2Cs and the other ABA receptors. Similar to these findings, reconstitution of the ABA 361 signaling pathway in Arabidopsis protoplasts using different combinations of ABA receptors,
362
PP2Cs and SnRK2s previously revealed that the intensity of interactions varied significantly 363 depending on which members of the protein families were involved (Fujii et al., 2009) . Combined 364 with our findings, these results suggest that while the various the members of the PP2C, ABA 365 receptor and SnRK2 families serve overlapping functions, differences in their temporal and/or 366 spatial expression patterns, as well as their affinity for specific interacting partners and/or SA and 367 ABA, could fine-tune ABA signaling and regulate crosstalk with the SA pathway. analysis. For cell-free degradation assay, ten-day-old wild-type or sid2-1 seedlings were subjected 429 to water, ABA, SA, or ABA+SA spray treatment to compare the effects of protein extracts on the 430 stability of ABI1.
431
Cloning and plasmid constructs 432 All oligonucleotides used for cloning and plasmid construction are listed in Table S1 . ORFs of 433 PP2CD, ABI1, ABI2, and HAB1were amplified from an Arabidopsis cDNA library. The resulting 434 PCR products were digested with NdeI and BamHI for ABI1, NdeI and SacI for ABI2, and HAB1 435 and cloned into the expression vector pET28a (EMD Millipore, MA, USA) for expression. PP2CD 436 was cloned into pET42a (EMD Millipore, MA, USA) using NdeI and XhoI cloning sites. Cloning 437 of PYL1, PYL2, PYR1, SnRK2.2, SnRK2.3, and SnRK2.6 into pSUMO-H6SUMO vector were 438 described previously (Soon et al., 2012) .
439
Protein purifications
440 Two-step protein purifications were performed as described previously (Manohar et al., 2017) .
441
Briefly, the Rosetta 2 (DE3) (EMD, Millipore, MA, USA) bacterial cells were grown at 37 ο C in and 10% glycerol). The two-step purified proteins were stored at -80 o C.
453
Assessment of 3AESA-binding activities by Surface Plasmon Resonance (SPR)
454 SPR analyses of 3AESA binding and competition by SA were performed with a Biacore 3000 455 instrument (GE Healthcare) as described previously (Manohar et al., 2015) . Immobilization of 456 3AESA on the CM5 sensor chip was performed as described previously (Tian et al., 2012) . To test 457 SA-binding activity, proteins were diluted in HBS-EP buffer (GE Healthcare) and passed over the presence of two concentrations of SA (5 or 10 mM) using a 3AESA-immobilized SPR sensor chip.
Figure Legends
710
Signals detected from a mock-coupled control chip were subtracted. (B, E, H) Photo-activated 711 crosslinking of 50 ng of PP2C -D4 (B), ABI1 (E), and ABI2 (H) to 4AzSA (50 µM) in the absence 712 or presence of increasing amounts of SA was detected by immunoblotting using an α-SA antibody. some lanes unrelated to this study have been removed and lanes were then merged for clarity of 739 presentation. (C) Cell-free degradation assay using total protein extracts prepared from ten-day-740 old wild-type or sid2-1 Arabidopsis seedlings supplemented with 500 ng of His6-tagged ABI1.
741
Samples were taken after 0, 0.5, 1, or 2 hrs of incubation; proteolysis was stopped by addition of 742 SDS-PAGE buffer. Proteins were detected by immunoblotting using an α-His6-HRP antibody. Supplementary Figure 1: HAB1, PP2A and A. 
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